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Summary

The Langley cosmic ray transport code and the

Langley nucleon transport code (BRYNTRN) are

used to quantify the transport and attenuation of

galactic cosmic rays (GCR) and solar proton flares

through the Martian atmosphere. Surface doses
are estimated using both a low-density and a high-

density carbon dioxide model of the atmosphere

which, in the vertical direction, provide a total of

16 g/cm 2 CO2 and 22 g/cm 2 CO2 of protection,

respectively. Doses are also estimated at altitudes

up to 12 km above the Martian surface, where the

atmosphere will provide less total protection. At

the Mars surface during the solar minimum cycle,

a blood-forming organ (BFO) dose equivalent of 10.5

to 12 rem/yr due to galactic cosmic ray transport
and attenuation is calculated. These GCR doses do

not vary significantly at altitudes up to 12 km be-
cause of their penetrating high-energy fluxes. Esti-

mates of the BFO dose equivalents that would have

been incurred from the three large solar flare events

of August 1972, November 1960, and February 1956

are also calculated at the surface and at altitudes up
to 12 km above the Martian surface. Results indi-

cate surface BFO dose equivalents of approximately

2-5, 5-7, and 8 10 rem per event, respectively. Un-

like the GCR doses, the solar flare doses are found

to vary significantly in the altitude regime investi-

gated. At relatively high (mountaintop) altitudes in

the upper atmosphere, the decreased solar flare ra-
diation attenuation results in doses that are signif-

icantly greater. At an altitude of 12 km, the ra-
diation BFO dose equivalents are estimated to be

17--30 rem, 14-19 rem, and 13 15 rem for the August

1972, November 1960, and February 1956 events,

respectively.

Introduction

A future goal of the United States space program

is a commitment to the manned exploration and
habitation of Mars. Once space travelers leave the

protective Earth environment, the hazards of space

become an important consideration on such missions.

One major concern is the damaging effect of ionizing

radiation from high energy galactic fluxes and solar

proton flares.

Reference Mars mission descriptions have been

manifested by the NASA Office of Exploration in

their Study Requirements Document (ref. 1). In cur-

rent scenario descriptions, the flight time to Mars is

estimated to take from 7 months to over a year with

stay times on the surface ranging from 20 days to

2 years. The crew will encounter the most harmful
radiation environment in transit to Mars. Adequate

protection must be provided for this environment.

However, once on the surface, the Martian atmo-

sphere should provide a significant amount of protec-
tion from the harmful radiative fluxes. The scope of

this paper focuses on quantifying the transport and

attenuation of galactic cosmic rays during solar min-
imum conditions and of solar flare protons through

the Mars atmosphere to estimate the probable doses

received by surface inhabitants. The characteriza-

tion of this environment is essential in assessing the

radiation protection requirements for extended crew
durations on the surface.
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differential interaction cross section,

distance -1 • energy -1

absorber areal density, mass/area



differentialflux,particles/
(area.time.energy)

Mars Radiation and Physical
Environment

Thefree-space,chargedparticleenvironmentsur-
roundingMarscomprisesa continuousflux of solar
windparticlesandgalacticcosmicray (GCR)con-
stituents,augmentedon occasionby randomsolar
flareevents. SinceMars is devoidof an intrinsic
magneticfieldstrongenoughto deflectthecharged
particles,manyof theseparticlesareablcto reach
theouteratmosphere.Ordinarysolarwindparticles
havecnergicstoo lowto penetratethe atmosphere;
however,GCRandenergeticflareparticlescan pen-

etrate the atmosphere.

The GCR constituents are relatively well known

with most of the incurred dose resulting from the

stripped nuclei of chemical elements. Less is known

about the energy distributions of these ions, but

enough measurements have been made to specify a

working model of these distributions. The GCR flux-
energy distribution selected for this analysis is for

the minimum of the solar activity cycle or the time

of maximum GCR flux as shown in figure 1 (ref. 2).
It is believed that these GCR flux intensities do not

vary significantly within the area of the solar system

occupied by the terrestrial planets, thus this model

is directly applied to Mars (rcf. 3).

The largest solar flares occur infrequently with
one to four events per solar cycle, and a prediction

of what may be expected from any given event is

difficult. In this analysis, fluence-energy spectra at

1 AU are used for tile three largest flares observed

in the last half century, which are the events of

August 1972, November 1960, and February 1956.

In the vicinity of Mars (approximately 1.5 AU),

the fluence (time-integrated flux) from these flares

is expected to be less. A reasonable estimate is
that the radial dispersion of the flare particle flux is

inversely proportional to the square of the distance

from the Sun (ref. 4). However, large variabilities in
this behavior may be expected primarily because of

inhomogeneities in the interplanetary magnctic field,

anisotropic flux properties, and the nature of the

energy spectrum (ref. 5). For the flare calculationsin

this analysis, the free-space, fluence-encrgy spectra

at 1 AU are conservatively applied to Mars (fig. 2

redrawn from ref. 6).

The Martian atmosphere provides protection

from galactic cosmic rays and solar flares, with

the amount of protection depending on the atmo-

spheric composition and structure. The composi-
tion of the lower atmosphere by volume is approx-

imately 95.3 percent carbon dioxide, 2.7 percent

nitrogen, and 1.6 percent argon. For simplicity in this

analysis, the atmosphere is assumed to be 100 per-
cent carbon dioxide. The Committee on Space Re-

search (COSPAR) has used data on the atmospheric

structure gathered during the Viking entries to de-
velop the COSPAR warm, high-density and cool,

low-density atmosphere models. These models usc

the daily mean temperatures and pressurcs at mid-

latitude sites during the summer season (ref. 7). The

vertical temperature and pressure profiles for the

models are shown in figure 3. The low-density model

assumes a surface pressure of 5.9 mbar and provides

16 g/cm 2 of carbon dioxide shielding in the vertical

direction. The high-density model assumes a surface
pressure of 7.8 mbar and provides 22 g/cm 2 of shield-

ing in the vertical direction. Although thcsc models
are based on the Northern Hemisphere during the

summer season, they represent the best data on the

range of temperature and pressure from 100 km to

the surface (rcf. 8). These two models should provide

a good estimate of the possible variation in radiation
intensities at the surface.

The specific dose incurred by crew members will

vary seasonally as the surface pressure on Mars varies
with the condensation and sublimation of the polar

ice caps. Also affecting the specific dose incurred will
be the elevation of the site. The seasonal variation in

pressure and an effect of elevation are shown for the

Viking landing sites in figure 4 (ref. 9). The Viking 1
site is 1.5 km below the mean surface level with

the pressure varying between 6.8 and 9.0 mbar, and
the Viking 2 site is 2.5 km below the mean surface

level with the pressure varying seasonally between 7.5

and 10.0 mbar. Thus, the atmosphere provides the

greatest protection at lower elevations during times

of maximum surface pressure.

Tile amount of protection provided by the atmo-

sphere can vary greatly at different elevations. Thc

surface of Mars has a great deal of topographical re-

lief and a great variety of surface features including
cratcrs, channels, valleys, fluvial features, and vol-

canic features. Since Mars has no sea level against

which to measure elevation, an artificial datum has

been established approximately 1.8 km bclow the

mean surface elevation (ref. 7). The large variation

in the average clevation of the surface for the differ-

ent latitude belts is illustrated in figure 5 (ref. 10).

The largest crater, Hellas Planitia, reaches more than
4 km below the datum. Hundreds of kilometers

of channels, flat-floored winding valleys, and steep-

walled canyons reaching over 7 km deep exist on the

Surface. Extremely high regions can also be found.

Tharsis Bulge covers nearly one-quarter of the planet
with a summit at an elevation over i i km above the

datum. The largest volcano, Olympus Mons, has



a summit27km abovethe datum. In the lowest
regions,the radiationdoseestimateswill be con-
servative.However,at the veryhighaltitudes,the
atmospherewill provideconsiderablylessshielding;
therefore,dosepredictionsfor altitudesof 4 km,
8 km,and12km areincludedin theanalysis.

Radiation Transport and Dosimetry
Analysis

TheNASALangleyResearchCenternucleonand
heavyion transport computercodesare usedto
predictthepropagationandinteractionsof thefree-
spacenucleonsand heavyionsthroughthe carbon
dioxideatmosphere.For largesolarflareradiation,
the baryontransportcodeBRYNTRN(ref. 11) is
used.Forthegalacticcosmicrays,anexistingheavy
iontransportcodeis integratedwith theBRYNTRN
codeto includethe transportof high-energyheavy
ionsup to atomicnumber28(refs.12and13).Both
codessolvethe fundamentalBoltzmanntransport
equationin theone-dimensional,or "straightahead,"
approximationform:

0 ,j (E)] % (x,E)0x OSJ(E) +

/?=  jk(E, E') dE' (1)

where the quantity to bc evaluated, ¢Pj(x, E), is the
flux of particles of type j having energy E at spa-

tial location x. The solution methodology of this

integrodifferential equation may be described as a
combined analytical-numerical technique (ref. 14).

The accuracy of this numerical method has been de-

termined to be within approximately 1 percent of ex-

act benchmark solutions (ref. 15). The data required

for solution consist of the stopping power Sj in var-
ious media, the macroscopic total nuclear cross sec-

tions _j, and the differential nuclear interaction cross

sections ajk. The differential cross sections describe
the production of type j particles with energy E by

type k particles of energies E I > E. Detailed infor-

mation on these data base compilations is described

in references ll, 16, and 17.

The present GCR code formulation is considered
to be an interim version, since some features of the

transport interaction phenomena have yet to be in-

corporated. These include improvements and addi-
tions to the existing nucleus-nucleus cross sections

and their energy dependence, and provisions for pion

and muon contributions. Further improvements in

target fragmentation treatments and computational

efficiency are to be incorporated, even though com-

putational execution times are already faster than

counterpart statistical (Monte Carlo) calculations.

These improvements should not greatly alter the cur-

rent results, and the present interim version of the

GCR code should provide a reasonable estimate of

cosmic ray particle fluxes and the corresponding dose

predictions.

The absorbed dose D due to energy deposition

at a given location x by all particles is calculated

according to

D(x) = __, Sj(E)O2j(x, E) dE rad (2)

3

The degree to which biological systems undergo dam-

age by ionizing radiation is not simply proportional
to this absorbed dose for all particle types. For hu-

man exposure, the dose equivalent is defined by in-

troducing the quality factor Q which relates the bio-

logical damage incurred due to any ionizing radiation
to that produced by soft X rays. In general, Q is a

function of linear energy transfer (LET), which in

turn is a function of both particle type and energy.

For the present calculations, the quality factors used

are those specified by the International Commission

on Radiological Protection (ref. 18). The dose equiv-

alent, H, values are computed as

H(x) = _ Qj(E)Sj(E)_j(x, E) dE rem

J
(a)

These are the values used to specify radiation expo-
sure limits.

Maximum dose equivalent limits permissible for
United States astronauts are recommended by the
National Council on Radiation Protection and Mea-

surement. These limits include dose values for the

skin, ocular lens, and vital organs (ref. 19). For high-

energy radiation from galactic cosmic rays and large
solar flare ions, the dose delivered to the vital or-

gans is the most important with regard to latent car-

cinogcnic effects. This dose value is often refcrred

to as the blood-forming organ (BFO) dose. When

detailed body geometry is not considered, the BFO

dose is usually computed as the dose incurrcd at a

5-cm depth in human tissue. For the BFO dose cal-
culations in this analysis, the human tissue is simu-

lated by 5 cm of water. Dose equivalent limits are es-
tablished for short-term (30 day) exposures, annual

exposures, and total career exposure. The 30-day
BFO limit for United States astronauts is presently

25 rem (0.25 Sv), and the annual limit is set at 50 rem

(0.5 Sv). Total career limits vary between 100 and

400 rem (1 and 4 Sv) depending upon age and gender.

3



Transport Computational Results

The BRYNTRN code and the combined

nucleon/heavy ion transport code are easily applied
to tile carbon dioxide medium. The code inputs of

the initial particle fluxes through the medium are

the GCR and solar flare flux-energy distributions as

shown in figures 1 and 2. Results are presented in

two forms. They include the slab calculations of the

particle flux-energy distributions at various carbon
dioxide absorber amounts and slab-dose estimates as
a function of carbon dioxide absorber amount. The

slab calculations correspond to a monodirectional

beam of particles normally incident on a planar layer
of shield material. The presentation of results in this

form can be useful in estimating anticipated doses for

various atmospheric models providing a different to-

tal shield protection (i.e., g/em 2 of CO2) than those

described in this analysis.

Galactic Cosmic Ray Results

The GCR constituents in free space can have ex-

tremely high energies (>1 GeV) and, in addition
to having high penetrating ability, they cause nu-

merous nuclear reactions in absorbing media. Thus,

the radiation field undergoes substantial changes in

propagating through matter. The yearly differential

flux as a function of energy for particles at 10, 50,

and 100 g/cm 2 depth in carbon dioxide is shown

in figures 6, 7, and 8, respectively. Although the
code simulates the transport of particles of charge

0, 1, 2, ..., 28 individually, the flux and (lose con-

tributions are presented as five entities for conve-

nience of illustration: neutrons, protons, alpha par-

ticles lighter nuclei (3 _< Z < 9), and heavier nuclei

(10 <_ Z <_ 28). By comparing the flux-energy dis-
tributions at 10, 50, and 100 g/cm 2, the increase in

flux of the lower energy neutrons and protons arises

as a result of the fragmentation of the heavier ions.

These basic flux-energy data are required to evaluate

the corresponding dosimetric quantities as calculated

in equations (2) and (3).

Dose values (tad) are determined from the parti-
cle differential fluxes at specific positions in the shield
medium. The skin and BFO dose rates as a function

of CO2 absorber amount are shown in figures 9 and

10, respectively. The BFO results represent tile dose

evaluated after traverse of a given absorber amount

of CO2 with an additional 5-cm tissue layer (water)

included. The difference between the corresponding
skin doses and BFO doses is indicative of the self-

shielding effect of the human body. From figures 9

and i0, tile proton dose dominates through the first

100 g/cm 2 of material. The skin and the correspond-

ing BFO dose equivalents (rem) are shown in fig-

4

ures 11 and 12, respectively. The dose equivalent

values, being higher than the dose values of figures 9

and 10, illustrate the large impact of the quality fac-

tors on the actual damage incurred. As shown in fig-

urcs 11 and 12, for approximately the first 10 g/cm 2

of CO2, the largest dose equivalent contributors are

the heavier ions (10 < Z < 28), with their relative
importance rapidly decreasing thereafter. After ap-

proximately 40 g/cm 2, nearly all the incurred dose

equivalent is dominated by the protons and neutrons.
The dose and dose equivalent values shown in fig-

ures 9 to 12 at 0 g/cm 2 of CO2 correspond to the

free-space dose and dose equivalent values. (In figs. 9
to 12, each curve represents the cumulative dose due

to all contributors beneath, with the top curve rep-

resenting the total dose.)

Solar Flare Results

The manner in which solar flare particle energy is

attenuated by matter is very sensitive to the energy
spectrum of the particles incident on the atmosphere.

For the three large proton flares analyzed, the quan-

tity of high-energy particles (>100 MeV) varied in-

versely with the total proton flux; that is, the flares

with initially more total protons had relatively fewer

high-energy particles. (This was the case with the

August 1972 event.) Since the higher energy particles
are more proficient in generating secondary nucleons,

those flares with lower total particles in free space

may produce relatively high fluxes after interaction

with the attenuating medium. The flux of nucleons
as a function of carbon dioxide absorber amount is

plotted for several particle energies for each of the
three flares in figures 13, 14, and 15. The relatively

rapid attenuation of the proton flux for the August

1972 spectrum (fig. 13) is indicative of its relative de-

ficiency in high-energy particles. As a consequence,

the neutrons produced (fig. 13(b)) are most abundant

at low energies. However, once generated, these un-

charged neutrons attenuate very slowly. The Novem-

ber 1960 flare results (fig. 14) show the influence of

larger numbers of higher energy incident protons.

For carbon dioxide absorber amounts greater than
20 g/cm 2, protons with approximately 50 MeV en-

ergy predominate. In addition, the neutron spectrum
at 80 to 100 g/cm 2 exhibits substantially more high-

energy components than the corresponding August

1972 values. The highly penetrating spectrum of the

February 1956 event serves to further accentuate the

importance of the high-energy portion of the initial

spectrum (fig. 15). For this event, proton fluxes are
decreasing very gradually even at 100 g/cm 2, while

100-MeV neutrons are still shown to be increasing.
The dosimetric quantities evaluated from the

propagating flux distributions are given as a



functionof carbondioxideabsorberamountin fig-
ures16to 19. Theskindosevariationis shownin
figure16for thethreeflares,andthecorresponding
skindoseequivalentvariationis shownin figure17.
Notethat for absorberamountsgreaterthanabout
30g/cm2, dosevaluesresultingfrom the February
1956eventarehighest,whereasfor 20 g/cm 2 and
less, this flare results in the least incurred dose. The

August 1972 flare produces extremely high doses at
low absorber amounts. There is a smaller difference

between the dose values (tad) and the correspond-

ing dose equivalent values (rem) for the solar flare

spectra as compared to the GCR spectra because of

the higher quality factors of the heavy ion GCR con-

stituents. For the solar flare events, the influence

of the quality factor is more pronounced for solar

events with higher energy spectra, since more neu-

trons are generated which have high quality factor

values at medium and high energies (10 to 100 MeV).
The BFO dose and dose equivalent variations are

given in figures 18 and 19, respectively. The body's
self-shielding influence becomes of less importance as

the carbon dioxide absorber amount increases, since

higher energy secondaries are responsible for most of

the dose at larger thicknesses.

Dose Predictions Near Mars Surface

When the computed propagation data for GCR

and solar flare protons in carbon dioxide are applied

to the Mars atmosphere models using the above ap-
proach, the doses incurred at various altitudes can

be estimated. To evaluate the dose at a particular
altitude or target point, the radiation from all direc-

tions must be determined. In these calculations, a
spherically concentric atmosphere has been assumed.

This geometry is illustrated in figure 20. The dosi-

metric values at a given target point are computed for

carbon dioxide absorber amounts along slant paths

through the atmosphere. For a target point at alti-

tude h above the surface, the distance s along a slant

path with zenith angle 0 is given by

s(z, O) = v/(R + h) 2 cos 2 0 + [2R(z - h) + z 2 - h 2]

- (R + h) cos0 (4)

where z is the vertical altitude. The absorber amount

along the slant path is then

T(h, O) -- MCO2 _0 cc c(8) ds g/am 2 (5)NA

For a given target point, the absorber amounts and

the corresponding dosimetric quantities are evalu-

ated for zenith angles between 0° and 90 ° in 5°
increments.

The directional dose patterns produced are az-

imuthally symmetric. Sample directional patterns

for the GCR and flare doses using the low-density at-
mosphere model for altitudes of 0 and 8 km above the

surface are shown in figures 21 and 22, respectively.
Each vector from the target point is proportional to
the dose value per steradian incurred. The radiation

with the higher energy spectra (GCR and the Febru-

ary 1956 flare) exhibits patterns more characteristic

of a hemispherical distribution because of the greater

penetration of the incident flux along all directions.
The less penetrating August 1972 flare particles are

substantially attenuated for large zenith angles, with

most of the incurred dose coming from the overhead

direction. The influence of altitude is readily seen by

comparing the patterns of 0 km (fig. 21) with those
of 8 km (fig. 22). (The dose patterns in figs. 21 and

22 have the same scale.) In particular, the August
1972 flare spectrum, which produced the lowest dose

in figure 21, has become the largest of the sample
doses at an 8-km altitude.

The total doses at a target point can now be

found by the numerical integration of the dose values

per steradian with respect to the solid angle over all
directions. Integrated dose (rad) and dose equivalent

(rem) calculations were made for both the high-
density and the low-density atmosphere models at

altitudes of 0, 4, 8, and 12 km. The decreasing

protection provided by the atmosphere in the vertical

direction at increasing altitudes is shown in table I.

Table I. Mars Atmospheric Protection in the
Vertical Direction

Altitude,
km

0

4

8
12

Protection, g/cm 2 CO2

Low-density
model

16

11

7

5

High-density
model

22

16
11

8

The corresponding dose values are shown in tables II,

III, IV, and V. For GCR radiation, the BFO dose

equivalent estimates at the surface range from ap-

proximately 10 to 12 rem/yr, with the total doses

due to GCR changing very little at the higher al-

titudes investigated. For the August 1972 flare,

the BFO dose equivalent estimates range from 2 to
5 rem/event at the surface with this value increas-

ing significantly with altitude, up to 30 rem/event
at 12 km. Thus, an unshielded dose of 30 rem is

not unlikely during a large flare because of the large

" 5



Table II. Integrated Doses for the Mars Low-Density Atmosphere Model

Galactic cosmic ray

Solar flare event 8/72

Solar flare event 11/60

Solar flare event 2/56

Skin

BFO
Skin
BFO
Skin

BFO

Skin
BFO

0 km

5.7
5:5

7.7
3.7
8.1

6.0
7.9
7.1

Integrated dose, rad, at altitude of--

4 km

6.1
5.9

19.5
8.5

12.9

9.!
9.9
8.5

8 km

6.5

6.2
42.0
16.4
18.9
12.6

12.3
10.0

12 km

6.8

6.5
76.2
27.3
25.8

16.4
14.8
11.4

Table III. Integrate d Dose Equivalents for the Mars Low-Density Atmosphere Model

Integrated dose equivalent, rem, at altitude of--

Galactic cosmic ray

Solar flare event 8/72

Solar flare event 11/60

Solar flare event 2/56

Skin

BFO
Skin
BFO

Skin
BFO
Skin

BFO

0 km

13.2

11.9
9.0

4.6
9.7
7.3

11.0

9.9

4 km

15.9
13.8
21.9

9.9
15.1
10.8
13.4

11.8

8 km

18.9
]5.8

46.2

18.5
21.9
14.8
16.2

13.6

12 km

22.4
18.0
82.6

30.3
29.6
19.1
i9.1

15.3

6



TableIV. IntegratedDosesfortheMarsHigh-DensityAtmosphereModel

Galactic cosmic ray

Solar flare event 8/72

Solar flare event 11/60

Solar flare event 2/56

Skin
BFO
Skin
BFO

Skin
BFO
Skin

Integrated dose, tad, at altitude of--

0 km

5.3
5.1
3.1
1.7

5.2
4.0

6.5

4 km 8 km

5.7 1 6.1

12 km

5.5 5.9
8.1 18.7
3.9 8.2

8.3 12.6
6.2 8.9
8.0 9.8
7.1 8.4

6.4

6.2
38.9
15.3

18.2
12.2
12.0

BFO 5.9 9.9

Table V. Integrated Dose Equivalents for the Mars High-Density Atmosphere Model

Galactic cosmic ray

Solar flare event 8/72

Solar flare event 11/60

Solar flare event 2/56

Skin
BFO
Skin
BFO

Skin
BFO

Skin
BFO

Integrated dose equivalent, rem, at altitude of--

0 km

11.3
10.5
3.9
2.2

6.4
5.0
9.2

8.5

4 km

13.4

12.0
9.5
4.8

10.0
7.5

11.1
10.0

8 km

15.8

13.7
21.1

9.5
14.8

10.6
13.3
11.7

12 km

18.6

15.6
42.8
17.4
21.1
14.4

15.9
13.4

7



topographical relief present on the Martian surface.

This BFO dose equivalent is above the permissible

30-day limit (25 rem). However, as shown in fig-
ure 19, tile August 1972 flare is rapidly attenuated

by matter and a few g/cm 2 of additional shielding

should reduce the anticipated dose below the 30-day
limit. For the flare event of November 1960, the BFO

dose equivalent estimates range from approximately

5 to 7 rem/event at the surface with values rang-

ing up to 19 rem at a 12-km altitude. For the flare

event of February 1956, BFO dose equivalent esti-

mates range from approximately 8 to 10 rein/event,
with the values ranging up to 15 rem at a 12-km al-

titude. From these results, a total yearly dose may

be conservatively estimated as the sum of the annual

GCR dose and the dose due to one large flare. At

the surface, such an estimated dose equivalent is 19

to 22 rem/yr. At an altitude of 12 km, the estimated

dose equivalent is 33 to 48 rcm/yr. These values are

below the 50 rem/yr BFO dose equivalent limit per-
missible for United States astronauts.

Some earlier and very preliminary dose estimates
for manned Mars missions have been made for GCR

and flare doses (refs. 20 and 21). A few general com-

parisons of their previous estimates may be made

with the present results. The same GCR source spec-

trum is used in all analyses, and the August 1972
flare is included in the results of reference 20. How-

ever, both references 20 and 21 assumed a vertical
carbon dioxide absorber amount of 10 g/cm 2 in eval-

uating the Mars surface doses. Since the present
calculations at a 4-km altitude for the low-density

atmosphere model correspond to a vertical carbon
dioxide absorber amount of 10.9 g/cm 2, these results

should be comparable with those of references 20

and 21. From table III, the GCR skin and BFO

dose equivalent values at 4 km are given as 15.9 and

13.8 rem/yr, respectively. The corresponding values

in references 20 and 21 are comparable at 12 and

10 rem/yr, respectively. The somewhat higher val-

ues of the present calculations may be indicative of

the very comprehensive nuclear interaction and frag-
mentation cross-section data base used.

In comparing the dose estimates of the August

1972 flare of reference 20 with the corresponding

present, calculations, larger differences are found. In

particular, the skin dose equivalent value of 83 rem

(ref. 20) is much higher than the 4-km value of ta-

ble III (22 rem). This difference may be reconciled

by consideration of the geometric influence. Since
normal-incident radiation attenuation for slab shields

may be equated to isotropic radiation at the cen-

ter of a spherically shielded volume for 41r steradian,

a rough first estimate for the Martian atmosphere

shielding can be made by reducing the slab dose

8

calculations by 50 percent. If this approximation
is made, the present calculations indicate approxi-

mately 80 rem as half of a slab dose equivalent for

10 g/cm 2 depth in carbon dioxide (fig. 17). How-

ever, if the incident spectrum is such that the radi-

ation field is very sensitive to absorber amounts (as

is the August 1972 flare), then detailed geometric ef-
fects must bc included in the dose estimates. It is

felt that the 22-rem skin dose equivalent value is a
more reasonable dose estimate for this flare at the

4-km level in the Martian atmosphere. For the same

reasons, but to a lesser degree, it is believed that

the BFO dose equivalent value for this flare is also

overpredieted in reference 20 (17 rein versus 10 rem).

Conclusions

Ionizing radiation exposure levels and correspond-

ing dosimetric quantities have been estimated for

conditions in the Martian atmosphere. The propa-

gation of galactic cosmic and solar flare radiation in

representative model Martian atmospheres has been
predicted from calculations made with the Langley

Research Center nucleon and heavy ion transport

codes. It has been found that substantial shielding

is provided by the tenuous Martian atmosphere and

that variations with altitude are significant.

In the results given previously, one may construe

a conservative yearly dose prediction as the sum of

the annual galactic cosmic ray dose and the dose due

to one large flare. For the most favorable shield-

ing case (the high-density model at the surface),
the total blood-forming organ (BFO) dose equiva-

lent may approach 19 rem/yr. For the low-density,

high-altitude (12 kin) case, the annual BFO dose

equivalent may be as high as 48 rem/yr. These dose

predictions imply that the atmosphere of Mars may

provide shielding sufficient to maintain the annual
BFO dose levels below the current 50 rem/yr United

States astronaut limit. However, it must be empha-

sized that the foregoing results are preliminary and
should be considered as current state-of-the-art "best

estimates." Furthermore, it must be realized that
Mars exploration crews are likely to incur a substan-

tial dose while in transit to Mars. Therefore, ad-

diiional crew radiation protection on the Mars sur-

face may be required. Thus, one may conclude that
even though the Martian atmosphere does provide

a significant amount of radiation protection, some

additional shielding may be desirable for extended

manned presence on Mars.

NASA Langley Research Center

Hampton, VA 23665-5225
February 6, 1990
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